Abstract: We present a novel approach to enhance light emission in Si and demonstrate a sub-bandgap light emitting diode based on the introduction of point defects that enhance the radiative recombination rate. Ion implantation, pulsed laser melting and rapid thermal annealing were used to create a diode containing a self-interstitial-rich optically active region from which the zero-phonon emission line at 1218 nm originates.
Introduction
Significant effort has been devoted to the development of light emitters based on Si. However, because Si is an indirect bandgap semiconductor, it still remains a challenge to create an efficient Si light-emitting diode (LED) [1] . Si-based LEDs emitting near and above the band gap have been extensively investigated [2] [3] [4] [5] [6] . Sub-bandgap LEDs have also been reported mostly using deep-level impurities [8] [9] [10] as light-emitting "centers", with some reports of emission from line defects such as dislocations [7] . Such sub-bandgap emission in silicon is particularly important to address the wavelength range of optical communications in a way compatible with on-chip silicon electronics [1] . Optically pumped lasing has been reported [11] [12] [13] , but an electrically driven silicon laser remains elusive.
In this paper we present a new approach to sub-bandgap light emitting diodes in silicon based on point defect engineering. Our method represents an alternative to the introduction of deep-level impurities or line defects. The control and utilization of point defects that enhance radiative recombination represents a new approach toward creating Si in a stable, optically active form for Si-based optoelectronics [1]. Our materials processing technique, combining ion implantation and pulsed laser melting (PLM), permits the fabrication and retention of high concentrations of optically active point defects and is compatible with existing silicon technology.
Sample fabrication and experimental results
The emission from our Si LED at wavelength λ = 1.218 μ m is a narrow line originating from a direct electronic transition, i.e. a so-called zero-phonon line, in a complex point defect believed to involve mainly silicon self interstitials resulting from ion implantation [14] [15] [16] [17] [18] [19] [20] [21] [22] . The inset of Fig. 1 The metallic contacts (back contact Al, 1500 nm; front contact Ti, 5 nm followed by Au, 100 nm) were fabricated using electron-beam evaporation. Finally, the device was processed with rapid thermal annealing for two minutes at 275 o C. The 1.218 μ m zero-phonon emission called the W-line [14] [15] [16] [17] [18] [19] [20] is commonly observed in irradiated or implanted Si. It is generally understood that clusters of Si self-interstitials are responsible for the W-line emission [14] [15] [16] [17] [18] [19] [20] [21] [22] , however the exact structure of W-line defects is still under investigation [21, 22] . The W-line is initially very weak if it is observed at all from ion implanted Si at low or room temperature. Several methods of thermal treatment have been used to activate W-line luminescence [14] [15] [16] [17] [18] [19] [20] . The mechanism for generation and activation of the point defects associated with the W-line appears to be as follows [14] [15] [16] [17] [18] [19] [20] [21] [22] W range (i.e. average depth at which ion implanted sulfur and silicon come to rest) is about 110 nm in our samples, with the concentration of the implanted species dropping well below 0.1% of the peak value by a depth of 300 nm. Many lattice vacancies and self-interstitials (i.e. interstitial Si atoms) are generated along the individual paths of implanted ions due to a number of collisions with the lattice atoms. Some of the Si atoms of the lattice are recoiled well beyond the projected range and come to rest as Si interstitials lacking nearby vacancies with which they can recombine. During thermal annealing, these isolated interstitials migrate and associate to form clusters, e.g. Si bi-interstitials or tri-interstitials. The ion implantation conditions made the top 160 nm layer amorphous, as confirmed by Rutherford Backscattering Spectrometry in ion channeling mode. During PLM, the laser fluence of 1.4 J/cm 2 was chosen such that the melt front penetrated about 300 nm, as deduced from time-resolved laser reflectometry and heat flow simulations of melting and solidification [23] . This fluence ensured that the melt depth penetrated beyond the initial amorphous layer, causing subsequent rapid epitaxial plane-front solidification of single crystal Si free of extended defects [24, 25] . Despite the low solubility [26] of S in Si, PLM induced rapid solidification creates a highly supersaturated solid solution, which provides an adequate n + layer [27] . We believe that other donors should also suffice, and we are currently investigating this issue. The interstitials associated with the W-line have been shown to reside within ~1 μ m beyond the melted region [14, 15, 17, 18] . This observation is confirmed by our study, in which the measured W-line PL intensity increased after the removal of 200 nm by KOH etching but entirely disappeared after the removal of 2 μ m. It is not known whether during PLM the unmelted interstitial-laden region receives a sufficient thermal treatment for the isolated interstitials to migrate to form clusters [18] , but we believe that PLM is a particularly advantageous transient thermal processing treatment for fully annealing the nearsurface amorphous/heavily damaged region while preserving the deep interstitial-related defects in a form and concentration suitable for the formation of a high density of W-line defects upon subsequent thermal annealing at 275 o C. We have also observed W-line photoluminescence by simply etching away the near-surface amorphous/heavily damaged layer, and we cannot rule out the possibility of forming a p/n junction in such material by some method other than PLM.
Photoluminescence (PL) and electroluminescence (EL) measurements were performed in a continuous flow optical cryostat at various temperatures. The 458 nm line from an argon ion laser was used to optically excite samples, and luminescence was collected and analyzed by a single grating spectrometer equipped with an InGaAs infrared detector. Figure 1 shows a typical surface-emission PL spectrum of a sample. The sample was prepared identically to the LED samples, except that the deposition of metallic contacts was skipped. The PL spectrum shows a strong W-line at 1.218 μ m, as well as its weaker phonon replicas at longer wavelength [14] [15] [16] [17] [18] [19] [20] . Previous studies on dilute sulfur doped Si, with concentrations ranging from 3×10 15 to 5×10 17 S/cm 3 , showed sulfur related emission lines near 1.3 μ m and 1.5 μ m [8, [28] [29] [30] . Their absence here is probably due to unusually high S concentrations (~3×10 18 S/cm 3 ) in our samples [24] , confirming previous reports [30] on the quenching of the sulfur related emission for concentrations exceeding 10 17 S/cm 3 . Current (I) vs. voltage (V) characteristics at room and low temperature are shown in Fig. 2  (right) . The I-V curves show a very good rectifying behavior. The increase of turn-on voltage at low temperature is attributed to the high resistance of the p-type substrate due to carrier freeze out effects.
Electroluminescence is obtained from a cleaved edge of the device. Spectra at 6 K and 80 K are shown in Fig. 2 (left) . At 80 K, the intensity of the W-line decreases significantly, and a longer wavelength broadband emission starts to appear. Again, sub-bandgap emission related to dilute sulfur is not observed [8] . Figure 3 shows the temperature dependent emission intensity of the W-line. The W-line emission starts to drop significantly around 50 K. The linear fit from intensity versus reciprocal temperature gives us its deactivation energy, about 70 meV, which agrees well with the value reported from PL measurements 18 . The emission power of W-line versus injection current at 6 K is shown in the inset of Fig. 3 . The intensity increases linearly at currents between 10 μ A and 4 mA. Above 4 mA, the increase becomes sub-linear. At even larger current than shown, the intensity levels off and eventually decreases, possibly due to reversible heating effects. Our LED characteristics are very stable, showing no evidence of performance degradation after several thermal cycles between cryogenic and room temperature. The measured optical power at a current of 2 mA is about 1.8 nW, which corresponds to an estimated external quantum efficiency ~10 -6 . This small value results from the poor light collection efficiency (~10 -4 -10 -5 ) associated with the lack of waveguiding from the substrate side and other factors such as low numerical aperture of collection lens and the roughness of the etched ridge and cleavage surface. While a reliable value of the internal quantum efficiency is difficult to determine at this stage, we note that the intensity of the W line is about three orders of magnitude larger than the band-edge luminescence in the same samples. The W-line photoluminescence intensity is about 30 times the band-edge photoluminescence of the virgin substrate, but this comparison is not reliable either, because the absorption of the pump radiation is different in the two specimens.
Discussion and summary
Defects are normally associated with problems of device degradation and reliability. They often introduce states in the gap, which, for example, introduce non-radiative recombination in photonic devices through the well-known Shockley-Read-Hall mechanism [31] . Instead, in our device, highly localized point defects are used to create paths of enhanced radiative recombination. Extensive studies have shown that the W-line is a zero phonon line [14] [15] [16] [17] [18] [19] [20] [21] [22] , which implies that no lattice relaxation is involved. The non-polar nature of optical phonons These results give grounds for optimism about the prospects for substantial improvement in the external quantum efficiency. For example, the defect populations can be engineered through optimized processing. A better optical cavity can be constructed on a silicon-oninsulator (SOI) wafer to reduce optical losses. The most significant drawback of our device is that the W-line emission becomes very weak at higher temperature, vanishing near ~100 K. Impurity gettering and hydrogen passivation are known to significantly reduce the temperature quenching of light emission from dislocations in silicon [32] . Additionally, Si point defects show rich spectra. Longer wavelength emission has been observed upon annealing interstitial-rich Si at higher temperature [17, 18] . These long wavelength emissions may show a weaker temperature quenching effect due to the deeper level involved in the optical transition and thus might be used to fabricate higher temperature optoelectronic devices.
In summary, we have engineered point defect concentrations in Si for enhanced radiative recombination and thereby demonstrated a sub-bandgap Si LED. Point defects in Si provide a new approach towards Si-based optoelectronic devices.
